Quantitative guidelines to distinguish allergenic proteins from related, but non-allergenic ones are urgently needed for regulatory agencies, biotech companies and physicians. In a previous study, we found that allergenic proteins populate a relatively small number of protein families, as characterized by the Pfam database. However, these families also contain non-allergenic proteins, meaning that allergenic determinants must lie within more discrete regions of the sequence. Thus, new methods are needed to discriminate allergenic proteins within those families. Physical-Chemical Properties (PCP)-motifs specific for allergens within a Pfam class were determined for 17 highly populated protein domains. A novel scoring method based on PCP-motifs that characterize known allergenic proteins within these families was developed, and validated for those domains. The motif scores distinguished sequences of allergens from a large selection of 80,000 randomly selected non-allergenic sequences. The motif scores for the birch pollen allergen (Bet v 1) family, which also contains related fruit and nut allergens, correlated better than global sequence similarities with clinically observed cross-reactivities among those allergens. Further, we demonstrated that the average scores of allergen specific motifs for allergenic profilins are significantly different from the scores of non-allergenic profilins. Several of the selective motifs coincide with experimentally determined IgE epitopes of allergenic profilins. The motifs also discriminated allergenic pectate lyases, including Jun a 1 from mountain cedar pollen, from similar proteins in the human microbiome, which can be assumed to be non-allergens. The latter lacked key motifs characteristic of the known allergens, some of which correlate with known IgE binding sites.
Introduction
The prevalence of allergic diseases has risen dramatically in the last few decades, especially in industrialized nations (Sicherer and Sampson, 2014; Platts-Mills, 2015) . A study from the American Academy of Allergy Asthma & Immunology indicates that allergic diseases with medium to severe symptoms, including asthma, rhinitis, and sinusitis affect millions of people in the US. Food proteins induce severe allergic reactions in about 6% of US children under age 3 and 3.5-4% of the overall US population (Gupta et al., 2011) . Severe anaphylaxis from drug and food allergies cause hundreds of deaths every year (Pleis et al., 2010) . Some reactions to peanuts and other foods can lead to anaphylactic shock and, in extreme cases, fatalities. One of the major objections to introducing genetically modified foods and other products in our everyday life is the concern for potential risks of allergenicity in those foods and related products. Thus, any new protein in food must be assessed for the risk of allergenicity. For these reasons, we have developed bioinformatics-based methods to help regulators and companies to identify potential hazards and minimize the chance of allergenicity and toxicity (Delaney et al., 2008; Goodman et al., 2008; Ivanciuc et al., 2009a) .
The US FDA has established a list of the eight most common allergenic foods (milk, eggs, fish, crustacean shellfish, tree nuts, peanuts, wheat and soybeans) which account for 90% of food allergic reactions. Foods containing these ingredients must be labeled accordingly (FDA, 2004) . It is also well established that allergens may be cross-reactive with other allergens (Schein et al., 2007; Bonds et al., 2008; Maleki et al., 2011) . For example, individuals allergic to the major birch pollen allergen Bet v 1 may develop a secondary allergy to the similar protein in peanut, Ara h 8 (Mittag et al., 2004) . Similarly, a variety of plant profilins may cause cross reactions (Radauer et al., 2006) . One of the goals of our research is to use computational methods, combined with experimental data, to discriminate potentially cross-reactive proteins from harmless homologues.
Criteria for the evaluation of allergenicity by comparing a query protein with sequences of known allergens have been proposed by the Food and Agriculture Organization (FAO) and the World Health Organization (WHO) (FAO/WHO, 2001; FAO/WHO, 2003) . However, these guidelines tend to over-predict potential cross-reactivity with allergens, producing a large number of false positives (Bjorklund et al., 2005; Goodman, 2006; Silvanovich et al., 2006) . This can greatly increase the burden of experimental validation which is expensive, time consuming and difficult to interpret (Goodman and Leach, 2004) . Modifying these guiding criteria, for example, by increasing the cutoff value of 35% sequence identity and 6 exact-match residues (Ladics et al., 2007; Goodman, 2008) , will also decrease the sensitivity of the method. Therefore, new bioinformatics tools based on classification algorithms or sequence profiles/motifs have been developed (Radauer, 2017) . Methods using sequence profiles rely on nonspecific motifs derived from a limited number of known IgE epitopes. Here, we describe a more comprehensive approach, based on the collection of allergenic sequences in our Structural Database of Allergenic Proteins (SDAP) (Ivanciuc et al., 2003) . We generated allergen-specific motifs based on conserved physical and chemical properties (PCP-motifs) for 17 protein domains, classified in the Pfam database (Finn et al., 2016) . These 17 domains account for 80% of the well characterized major allergens. Here, we show how computational scoring of query sequences using these PCP-motifs, gives a more specific evaluation of potential allergenicity for novel proteins. The method can also be used to suggest potential cross-reactivity between different allergen sources, especially in combination with methods based on 3D protein structures (Negi and Braun, 2017).
Methods

Datasets
Using our collection of allergenic sequences in the SDAP, we identified 17 protein domains, as classified in the Pfam database (Finn et al., 2016) that contained 10 or more related allergens (Table 1) . There are many iso-allergens which share highly similar sequences and their presence may bias the motif extraction results. To overcome this problem the CD-HIT (Li and Godzik, 2006) program was used to select representative sequences from each cluster at 95% sequence identity cutoff. Finally, the ClustalW program was used to generate multiple sequence alignments (Larkin et al., 2007) . Sequence motifs specific for each family were generated using the PCPMer program, as described previously (Ivanciuc et al., 2009b; Schein et al., 2005; Mathura et al., 2003) . We identified typically 5 to 10 motifs for each allergen family.
In order to validate our computational prediction method, we created another large dataset of non-allergenic proteins from the UniProtKB database (Magrane and Consortium, 2011) . For this purpose, we used the CD-HIT program to cluster and select representative sequences with a 40% sequence identity cutoff. Potential allergenic proteins from this dataset were removed if the sequence met any of the following criteria: 1) the description of the sequence contained any keyword related to allergen (allergen, allergy, lipid transfer protein, profilin, lipocalin, pectate lyase, tropomyosin, melittin, thaumatin, seed storage protein); 2) the sequence belonged to any of the Pfam containing allergenic sequences, such as PF00235 or PF00407. In addition, sequences shorter than 50 amino acids were also removed. Using these criteria, we obtained a final dataset of 84,939 non-allergen sequences.
We also collected all the protein sequences for some of the protein domains in the PFAM database, e.g. the profilins. Those protein domains contain in general allergens and non-allergens. We then used our allergen specific PCP motifs and calculated motif scores as the average of scores in all allergenic proteins (A) and for all sequences in a family (G). An example is given for the profilin family in Table 3 to show the specificity of those motifs.
Scoring method
The scoring method makes use of the physical-chemical property (PCP) descriptors E1 to E5 of the 20 amino acids as determined previously (Venkatarajan and Braun, 2001 ). The algorithm implemented in PCPMer to generate sequence motifs for a protein family was previously published (Ivanciuc et al., 2009b; Schein et al., 2005; Mathura et al., 2003) . Briefly, PCPMer identifies motifs as linear segments with highly conserved descriptors E1 to E5 within a family of aligned sequences. These sequence motifs are quantitatively described with the average values 〈 〉 V i p and standard deviations σ i p of the five descriptors E1 to E5
(denoted here with p = 1...5) at each position i in the motifs derived from the multiple sequence alignment. These motif profiles can then be used to evaluate any query sequence if they contain similar profiles. Sequences with similar motif profiles are likely to share similar functions or properties (Schein et al., 2005; Mathura et al., 2003; Garcia et al., 2009) . Using this strategy, we developed a new scoring method for the recognition of potential allergenic query sequences. To determine how well a motif matches a sequence, the motif is aligned to every position k of the query sequence and the score values S(k) are calculated based on a Lorentzian scoring scheme. For each position i within a motif of length n, a partial score S p k,i is first calculated as
Here, k denotes the position of the motif in the query sequence, i is the position index within the motif which varies from 0 to n-1 ; + V k i p , are the five quantitative descriptors (E1-E5) of the amino acid at the position k + i in the sequence; 〈 〉 V i p and σ i p is are the average PCP values and corresponding standard deviations of the five descriptors (p = 1..5) at the position i of the motif, W is the weight for standard deviation (by default set to 1.5) and the small positive shift Φ (set to 0.001) was added to prevent overflow during calculation when the standard deviation is zero. The score value for a motif of length n aligned at the position k in the sequence is then calculated as the average of the partial scores of each position i in the motif.
The resulting score S of a motif against a query sequence is the maximum of the score value calculated for each position k. The scores S are values from the interval 0 to 1, with 1 indicating a perfect match.
Usually more than one motif will be generated from a multiple sequence alignment. A total score is calculated to evaluate if a query sequence matches a set of m motifs with the scores S 1 …Sm
Where j indicates the motif number, 〈 〉 S aln and σ aln are the mean and standard deviation of scores of that motif j in the multiple sequence alignment that was used to generate motifs; 〈 〉 S db and σ db are the mean and standard deviation of scores of that motif in the query set of sequences. If there is only one query sequence, i.e. = σ 0 db , a small positive shift ε (by default, set to 10 −10 ) is added to prevent division by zero. To evaluate the potential allergenicity of proteins, motifs for only allergenic sequences obtained from the 17 protein families (Table 1) were used as criteria for the scoring. A query sequence was scored against all 17 sets of motifs using the method described above, resulting in 17 scores S tot l , , where = … l 1 17. Since the scores of the query sequence are based on motifs from different protein families, 〈 〉 S aln and σ aln are different for different families, which means that S tot l , of the query sequence are not on the same scale. In order to compare the scores of the query sequence, the set of non-allergenic sequences from UniProt were used as background and the total score S tot l b , for each protein family was calculated. Then the scores of the query sequences were converted to standard scores z l (eq 4) according to the background score distribution of non-allergenic sequences S tot l b , for each family.
Finally, the highest z score (eq 5) of the query sequence was selected to indicate the extent of allergenicity.
Multidimensional scaling of experimental cross-reactivity data
The clinical cross-reactivities among the birch pollen allergen Bet v 1 and several fruit and nut allergens reported by Pfiffner et al (Pfiffner et al., 2012) , are given by percentages P ab within those patient sera that are positive against an allergen a, and are also positive against allergen b. These data may not be symmetric, and P ab does not necessarily equal P ba because the extent of binding of the allergen a to anti-b IgE antibody is not necessarily the same as the binding of b to anti-a IgE. We defined a symmetric distance between the pair of allergens a and b as the geometric mean,
When there are higher percentages of patients positive to the pair of allergens, the distance is smaller. We further visualized the resulting multidimensional distance matrix on a 2D scale (MDS) to show a "map" of the allergens corresponding to experimentally determined cross-reactivity. See Section 3.2 for further details.
Binding efficiency test
To validate the significance of the motifs identified by PCPMer, we tested the binding of peptides containing these motifs to IgE from a peanut allergic patient. Peptide microarray assays are powerful tools to study the binding efficiency for many different peptides. Peptide sequences overlapping the motifs were synthesized and spotted onto glass microarray slides by JPT Peptide Technologies (Berlin, Germany). For the assay, slides were placed in the slide holders within the hybridization chamber of the HS 400 Pro (Tecan, Austria, GmbH, Salzburg, Austria). The blocking solution, serum, and other solutions were injected into each slide chamber through the injection port. Slides were blocked for one hour at 4°C, washed three times and incubated with centrifuged serum from a well-characterized patient highly allergic to peanut, with IgE to Ara h 2 and Ara h 5 peptides (Patient 4 from Maleki et al., 2011) at 4 ℃ overnight (14-16 hours). The slide was then washed. Next, mouse-anti-human IgE (murine IgG antibody; Southern Biotech, Birmingham, AL) was added and the slide was incubated for 1 hour at room temperature in the dark, then washed as before and incubated with labeled anti-mouse IgG Cy3 (green dye read at 532 nm) (Invitrogen, Grand Island, NY) for another 1 hour at room temperature in the dark. The slides were washed and dried by centrifugation prior to scanning with a GenePix-4000B scanner and GenePix-Pro7 software. The binding of patient's IgE to the peptides was measured by the fluorescence signal of Cy3. The resultant fluorescence intensities were organized in a spreadsheet for later statistical analysis.
Results
Allergenic-specific motifs for 17 protein families highly populated with allergenic proteins
Previously, we annotated most of the allergenic sequences in the SDAP database according to their protein domain classification in Pfam (Finn et al., 2016) . Even though there are more than 1300 allergenic sequences in SDAP, they populate only a relatively small number of PFAM domains (Ivanciuc et al., 2009b) . Here, we selected 17 protein families, each containing more than 10 allergenic sequences (Table 1) . To avoid a bias by iso-allergens, we also removed sequence pairs with more than 95% sequence identity, and kept only one representative sequence for groups of highly related sequences. Multiple sequence alignments of each group were prepared with ClustalW. A set of PCPmotifs were generated from the alignment of allergenic sequences in each family with PCPMer . The PCP motifs for those 17 protein allergens are given in Fig. S1 in the Supplementary material. These 17 protein families listed in Table 1( FDA (2004) ).
To determine the specificity of these allergen-specific motifs for distinguishing allergenic sequences from non-allergenic ones, we used the scoring method described in the Method section to compare query sequences to them. We generated scores for a large set of non-allergenic sequences from Uniprot and for all the allergenic sequences from SDAP (Fig. 1) . The distribution of scores shows a clear separation between non-allergenic sequences and allergenic sequences from the 17 protein families, indicating the ability of the method to distinguish allergenic sequences from the background. Our motif database only contains motifs for the 17 families (Table 1) , thus allergens not related to those families cannot currently be identified. However, we hope to overcome this limitation in the future. As homologues of allergens from less populated Pfam are sequenced, they will be added to our database and used for further analysis.
To estimate an empirical cutoff score for the distinction between allergenic and non-allergenic proteins, we considered all the allergen protein sequences in the 17 protein families as true entities and all nonallergenic sequences in the UniProt database as false entities, and determined the true positive rates (recalls) and false positive rates at different score values (Fig. 2) . As the cutoff score increases, the positive rates for both allergenic sequences and non-allergenic sequences decreases. The maximum difference of positive rate occurs at a score value of 2.7, where above this score, only 4.52% of the non-allergenic sequences are reported as false positives and 92.96% of the allergenic sequences in the top 17 protein families are detected.
Correlation between motif scores and clinically determined crossreactivities in the birch pollen Bet v 1 family
Detection of cross-reactivity between allergens is of great interest because similar allergens can be found in diverse sources. One of the major advantages of our motif approach, compared to simple global sequence comparison, is the sensitivity of the scores to individual regions of the protein that are related to the allergenic effect. To demonstrate this effect we used the empirical quantitative data of the amount of clinical cross-reactivities in the Bet v 1 family as found in a large scale study of human sera (Pfiffner et al., 2012) . Clinical crossreactions can occur when an individual sensitized to one allergen is exposed to other allergens that contain allergens with similar sequence or 3D-structure (Aalberse and Serology, 2015; Aalberse, 2007; Bublin and Breiteneder, 2014; Bublin et al., 2013; Pichler et al., 2015; Gadermaier et al., 2011; Ferreira et al., 2004; Jenkins et al., 2005) . Severe symptoms may develop in individuals who unknowingly consume foods containing cross-reactive allergens. For example, the birch pollen allergen, Bet v 1, is cross-reactive with several fruits and nut allergens, including Pru av 1 from cherry, Mal d 1 from apple, Gly m 4 from soybean, and Ara h 8 from peanut (Mittag et al., 2004; Mittag et al., 2005; Mittag et al., 2006; Egger et al., 2006; Bolhaar et al., 2005) .
To determine the ability of our motifs to classify potentially crossreactive allergens, we used a dataset (Fig. 5 (Pfiffner et al. (2012) )) that assayed the binding of IgE in patient sera to chips coated with Bet v 1 or several different proteins in the same family. Their results revealed a hierarchy in the degree of cross-reactivity among allergens and identified six allergens, Bet v 1, Cor a 1.0401, Cor a 1.0101, Pru p 1, Aln g 1 and Mal d 1, which share a greater portion of patients who are positive to them than the other allergens. We converted the percentages of patients who reacted positively to an allergen, to a distance matrix representing the extent of cross-reactivity by using equation 6 (Table S1) . A small distance between two allergens means that a high percentage of patients cross-reacted to that pair of allergens.
We next determined to what extent the allergen-specific motifs from the Bet v 1 family matched each individual allergen sequence, which was calculated as a z-score (Table 2) . Fig. 3 "maps" the experimentally determined clinical cross-reactivities as points in a 2-dimensional plot, where highly cross-reacting allergens are located near each other in the map. Six highly cross-reactive allergens, allergens 1 to 6, cluster to the top left of the map, and those allergens also have the highest z-scores, colored in red. The less cross-reactive allergens are scattered throughout the rest of the map with low scores.
All of 10 of these allergens related to Bet v 1 have PCP-motif based Z-scores greater than 5, which clearly distinguishes them from non-allergenic proteins. In addition, the results imply that allergens most likely to cross react will have high Z-scores (> 6), independent of their absolute sequence identity. The rationale for this observation is that those allergens are highly similar in those sequence regions that we identified by our analysis to be allergen-specific. To show that this similarity found by our z-score is not simply a consequence of a high global sequence similarity between those allergens, we compared our zscores to the sequence identities between Bet v 1 as a representative of the 6 allergens in the most cross-reacting cluster to all other allergens (last column in Table 2 ). The scatter plot of the z-scores versus the sequence identities (Fig. 4) shows the high similarities of the z-scores Fig. 1 . Z-scores distinguish the allergenic members of the top 17 families from which the PCP motifs were extracted (dark red bars, Z-score = 4.11 ± 3.33) from 84,939 non-allergenic sequences from Uniprot (black line, 1.28 ± 0.82) and allergenic sequences from other allergen families (light red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). Fig. 2 . PCP-motif based Z-scores diffentiate allergens in the major families from non-allergenic sequences. Red: Z-scores for cumulative percentage of allergenic sequences in the top 17 protein families from SDAP; Black: non-allergenic sequences from Uniprot; Blue: maximum difference between the percentage of allergenic sequences and non-allergenic sequences at score = 2.7 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). Molecular Immunology 99 (2018) 1-8 within the top 5 allergens. The values are all in the range of 7 except for a slightly lower value for Mal d 1, whereas the overall sequence identities varies for those allergens in a wide range from 60% to 100%. Thus, the z-scores correlate better with the experimental data on cross reactivity than could be predicted from overall sequence identity alone.
Comparison of allergen specific motif scores with IgE binding affinities to serum from a peanut allergic patient
In the next test for the biological relevance of our motifs in the profilin family, we wanted to know to what extent high scoring motifs can be used to predict IgE binding affinities of the corresponding peptides, and if the motif scores distinguish allergenic from non-allergenic profilins. Profilins (Pfam ID PF00235) are a large group of diverse proteins, some of which are allergens from plants such as timothy grass, Table 3 Allergen specific motifs in the profilin family and corresponding Ara h 5 peptides used for identifying their IgE reactivities. Second column: Sequences of Ara h 5, the profilin of peanut allergens, representing the allergen specific motifs in the profilin family. Column A: the average of the scores S, calculated by Eq. (2) for the sequences of allergenic profilins Column G: the average S scores for all sequences in the complete profilin family (PF00235). Column SA: the solvent accessibility of the peptides in the 3D structure of Ara h 5. Column 6 and 7: 15mer peptides of Ara h 5 overlapping with the motif regions and their corresponding IgE binding, measured as the average of 3 fluorescence intensity (F 532 ) readings on the microarray for a highly peanut allergic individual, most reactive to peptides of Ara h 2 and Ara h 5. Peptides with IgE binding significantly higher than the average background level of 130,000 are highlighted. (Table S1 ) of clinical cross-reactivities for the 10 known allergens in Table 2 . Each 2D data point represents an allergen with the colors indicating the zscores, where red points are high scoring (z-score > 6) and blue have low Zscores. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). Fig. 4 . Scatterplot of the z-scores based on the PCP motifs for the allergens related to Bet v 1 versus their sequence identities to Bet v 1. Bet v 1 was used as a representative of the highly cross-reactive allergens that cluster to the upper left corner in Fig. 3 . Fig. 5 . The N-and C-terminal motifs of the profilin family (red and purple areas) map to one face of the 3D-crystal structure of the peanut allergen Ara h 5 (PDB entry: 4ESP) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
mugwort, celery or bell pepper. They have been implicated in sensitization to both pollen and pollen-associated food allergens (Radauer et al., 2006; Cabanos et al., 2010) . However, most profilins, such as those from mammals, are not considered allergenic (Valenta et al., 1991) . At least 17 different peanut proteins have been characterized as allergens (Mueller et al., 2014; Schein et al., 2010; Nesbit et al., 2012; Chen et al., 2016) , including the peanut profilin Ara h 5. We derived 8 allergen-specific motifs from the allergenic profilins in SDAP (Table 3 , second column). The 8 motifs represent all allergenic profilins and are specified here by the corresponding peptide sequence in Ara h 5. These motifs are highly specific for the allergenic subfamily. To support this statement, we calculated for each of the 8 allergen-specific motifs the scores for the individual allergenic profilin sequences and list their average values over all allergenic sequences in Table 3 , column A. We repeated this procedure for all non-allergenic profilin sequences and determined those averages (Table 3 , column G). The average motif scores for those regions are significantly higher for the allergenic members than the average scores over all non-allergenic profilins. Overlapping 15mer peptides from the Ara h 5 sequence containing these motifs were synthesized on a peptide microarray, as described in Methods. Table 3 shows the IgE binding specificity for peptides containing the motifs at different positions, measured using serum from a patient with severe peanut allergy, whose IgE recognizes peptides from Ara h 2 and Ara h 5 most strongly on the microarrays (Maleki et al., 2011) . Six peptides, highlighted in Table 3 , bind IgE with an intensity significantly above the background level. The positions of the most strongly recognized peptides in Ara h 5 cluster at the N and C termini of the protein (Wang et al., 2013) (Fig. 5) and correspond approximately to IgE epitopes identified for the birch pollen profilin Bet v 2 (Fedorov et al., 1997) .These peptides represent conformationally constrained areas within the protein structure, which may be retained to some extent in the 15mer peptides used. Although the highest binding peptides (containing motifs 1 and 3) also had reasonable surface exposure (SA) in the Ara h 5 3D structure, there was no direct correlation between their overall surface accessibility SA and IgE binding. The degree of IgE binding also varied depending on the position of the motif within the 15mer peptide sequence.
Scores of sequences from the human microbiome
The microorganisms that make up the human microbiome outnumber the cells of the human body by an order of magnitude (Savage, 1977; Relman and Falkow, 2001 ) and play vital roles in maintaining health. To determine whether there were sequences related to known allergens, we scanned a database of protein sequences identified from the microbial communities that make up the human microbiome (Human Microbiome Project, 2012; Group et al., 2009; Gevers et al., 2012) . The data are based on samples collected from the airways, skin, oral cavity, gastrointestinal tract and vagina of healthy humans. As these organisms exist in our body without causing immune response or allergic reaction, their proteins can be considered as non-allergenic.
We previously established several pollen pectate lyases as allergens (Midoro-Horiuti et al., 2003) . These enzymes degrade plant cell walls (Marin-Rodriguez et al., 2002) and are found in plant pathogens and many plant tissues, including pollen and ripening fruits (Wing et al., 1990) . Bacteria in the digestive tract of animals, who feed on plants and many in the normal human microbiome also produce and secrete pectate lyases (Hugouvieux-Cotte-Pattat et al., 2014) , which may aid in digestion in the gut. BLAST searches using the pollen allergen Jun a 1 revealed a test set of presumably non-allergenic pectate lyases from the microbiome database that contained domains of the same protein family (PF00544) as our known allergens. We then compared the motif scores for sequences in the complete pectate lyase family to those in the subset of allergenic pectate lyases, including those of Amb a 1, Cup a 1, Jun a 1 and others (Midoro-Horiuti et al., 1999; Griffith et al., 1991; Aceituno et al., 2000) as catalogued in SDAP, and in the subset of Jun a 1 homologs in the microbiome.
We identified 18 homologues of the mountain cedar pollen allergen Jun a 1 sequence in the human microbiome database with an E-value below 10 −3 (Table S2 ). All sequences of the pectate lyase family (PF00544) were downloaded from the Pfam database as background. Scores were calculated with our allergen specific motifs for all sequences in the three sets: the allergenic pectate lyases, the homologs in the human microbiome and the complete pectate lyase family. The distribution of the score values in Fig. 6 indicates a clear separation between allergenic sequences in PF00544 (with scores in the range from 8 to 10, red), and their homologues in the human microbiome (with values between 1 and 4, green). The scores for all the sequences in PF00544 show a bimodal distribution. One high scoring group is clustered close to allergenic sequences, thus there might be other potential allergens in this family. These would be worthwhile testing in future studies, to refine our knowledge of potentially cross-reacting allergens in this large family. The majority of sequences are near the non-allergenic, microbiome sequences (black). The bimodal distribution probably reflects also the difference of plant and bacterial enzymes. Overall, our method gives better results for distinguishing allergenic pectate lyases than the current FAO/WHO guidelines, which correctly detect all allergenic pectate lyases, but indicated that 15 of our 18 non-allergenic homologues would also be allergenic (false positive rate of 83%). Our PCP-motif-based method can minimize false positive rates while recognizing all allergenic sequences.
Discussion
The most important challenge of our bioinformatics analysis is to distinguish allergenic proteins from non-allergens belonging to the same protein family that share a similar 3D structure. We show here, using several different examples, that Z-scores based on PCP motifs can distinguish known allergenic proteins from non-allergens. As Fig. 1 shows, a cumulative score value based on motifs from 17 different allergen families can distinguish allergens from non-allergens in a global analysis. The motifs also provide a tool to determine allergens likely to cross-react, based on analysis of available experimental evidence for Bet v 1 and related fruit and nut allergens (Fig. 3) . More detailed analysis of individual allergen families shows how specific motifs may correlate with IgE epitopes (Table 3) . They can be used to distinguish allergens from non-allergenic proteins, even when these have similar enzymatic motifs as the pectate lyases from the human microbiome (Fig. 6 and Supplementary material Table S2 ). Fig. 6 . Homologues of the allergenic pectate lyases in the human microbiome (green bars) have low PCP-motif based z-scores compared to the allergenic sequences in that family (red bars). As a comparison we also calculated the scores for all 1037 protein sequences in the complete pectate lyase family (PF00544) (grey bars). Red: z-scores for the 17 allergenic sequences from SDAP; Green: z-scores for the 18 homologues in the human microbiome (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
The method is particularly useful if several allergenic protein sequences have been experimentally verified within a family of homologous proteins. Whereas most bioinformatics tools group proteins based on overall sequence and structure, our motif methods dissect the protein families even further to define more subtle characteristics of the allergenic proteins. For allergens in each family, we typically find multiple motifs of short length (5-15 amino acids), which can serve as fingerprints to reduce the rate of false positives. Therefore, our method has higher sensitivity in distinguishing allergenic from non-allergenic sequences with high overall similarity.
Other motif-based methods have been proposed, based on the MEME software (Pfiffner et al., 2012; Stadler and Stadler, 2003) , or wavelet transforms and Hidden Markov Model (HMM) profiles in WebAllergen (Li et al., 2004; Riaz et al., 2005) . However, the motifs generated by both methods are in general longer. For example, MEME uses peptides with a length of ∼50 (MEME) and WebAllergen > 30. Such long peptides represent protein domains, not motifs by our definition, and are therefore less specific, as our results show. A second type of method is based on machine learning and classification algorithms. Applications such as Allerdictor (Dang and Lawrence, 2014) , SORTA-LLER (Zhang et al., 2012) , or AllerHunter (Muh et al., 2009 ) construct different feature vectors by decomposing sequences in short sections and evaluate the frequencies of amino acids and/or short peptides. The accuracy of these methods depends on how similar the query sequence is to the known allergens, which may reduce their selectivity (Schein et al., 2007) .
The results from our motif scoring tests suggest IgE reactive segments within known allergens can be verified with further experiments. As the motifs also include areas conserved solely for protein function or structure, we cannot assume that there will be a one-to-one correspondence between all high-scoring motifs and their ability to bind to the IgE in serum from any individual patient. Further microarray analysis, using sera from many patients with high IgE to the same protein, will be needed to validate the IgE reactive segments and determine the predictive value of similarity to any of the motifs. It is also well known that most of the IgE epitopes are conformational in nature, therefore new refinement of methods will be needed to identify such epitopes. The PCP-motif approach as outlined here can be even more precise, if coupled with other recently developed methods, (Radauer, 2017; Mirsky et al., 2013; Garino et al., 2016) , and 3D structural analysis (Negi and Braun, 2017; Dall'Antonia et al., 2011) .
The most significant clinical use of the method will be in predicting likely cross-reactivities between known allergens (Bonds et al., 2008; Hamilton and Kleine-Tebbe, 2015) . One advance here, shown in Fig. 3 , is a way to directly convert patient-based data into quantitative maps. The results can be used to determine likely cross-reactive allergens, for use in counseling patients on which foods they may safely consume or those they should avoid.
Conclusion
We have developed a novel method to quantitatively estimate the potential allergenicity of query sequences using allergen-specific motifs for major allergens in highly populated protein families. The scoring method is able to distinguish non-allergenic and allergenic sequences, even those with significant overall similarity. The motifs overlap with experimentally known IgE epitopes for peptides from peanut and other allergens, as illustrated by literature examples and peptide microarray data presented here. The allergenicity scores for pectate lyase allergens and their homologous non-allergenic sequences from the human microbiome in PF00544 show a clear separation, consistent with the hypothesis that proteins of resident microbes are tolerated. Scores for individual allergen sequences against motifs derived for allergens related to Bet v 1 correlated well with experimental data on their clinically observed cross-reactivity. The motif list can be improved in the future to include members of less studied allergen families. The ability of the method to predict likely IgE epitopes and cross reactivities can also be improved by combining the linear motifs with predicted conformational IgE epitopes, and by using methods to identify cross-reactive surface patches of allergens.
The PCPMer program is available online at http://bose.utmb.edu/.
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